Ferromagnets (FM) are believed to exhibit strongly anisotropic spin relaxation, with relaxation lengths for spin longitudinal to magnetization significantly exceeding those for spin transverse to magnetization. To date, experiments have not been able to probe this anisotropy directly. Here we characterize the anisotropy of spin relaxation in Co using the spin pumping contribution to Gilbert damping in noncollinearly magnetized FM 1 /Cu/FM 2 trilayer structures. The magnetization angle between FM 1 and FM 2 , adjusted in perpendicularly magnetized structures through alloy content in FM 1 , controls the projections of longitudinal and transverse spin directions injected from FM 1 onto FM 2 . We find nearly isotropic absorption of pure spin current in Co using this technique, although experimental resolution cannot fully exclude anisotropy ratios as large as 5:1.
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A key question for spin electronics concerns the relaxation mechanisms for spin current injected into a variety of materials. Spin relaxation in ferromagnets (FMs), central for spin momentum transfer, is special because of the anisotropy axis presented by the spontaneous magnetization M. Longitudinal spin relaxation 1 , with spin σ parallel (antiparallel) to M, causes spin accumulation to decrease exponentially with distance in diffusive transport 2 .
The transverse spin relaxation, with σ orthogonal to M, is governed by the dephasing process of spin-up and spin-down eigenmodes due to their different Fermi wavevectors, leading to oscillation and decay of spin accumulation on a scale shorter than the electronic mean free path 3, 4 .
The characteristic length scales for the two different spin relaxation processes in ferromagnets, λ L sr for longitudinal and λ T sr for transverse spin relaxation, have been evaluated largely using two separate experimental techniques: magnetotransport 5 for λ L sr and ferromagnetic resonance (FMR) 6 for λ T sr . These two measurements characterize charge-accompanied and chargeless spin current, respectively 1, 7 . Estimates of λ L sr come from the FM layer thickness dependence of current-perpendicular-to-planes giant magnetoresistance (CPP-GMR) 5 Second, we compare the polar angle-dependent linewidths of Py 0.8 Cu 0.2 single layers and trilayers at ω/2π = 10 GHz. In the first case, we expect the Co magnetization to vary from fully perpendicular to the film plane at high biasing field H B (high ω/2π) to nearly parallel to the film plane at low H B (low ω/2π), while the Py 1−x Cu x magnetization is always perpendicular to the film (Fig. 1 ). In the second case, we expect the misalignment angle θ to change from zero to maximum as we rotate the biasing field from in-plane to out-of-plane
Next we discuss the model used to fit the data. Tserkovnyak 12 and Taniguchi 
with asymmetry factors function of frequency for single layers and trilayers in nc-FMR (Fig. 2a) . Good agreement of µ 0 H res between the single layers and trilayers indicates that the Py 1−x Cu x properties are reproducible in deposition. In Fig. 2 In Fig. 2(c) we plot µ 0 ∆H 1/2 as a function of ω/2π at x=0.2. Gilbert-type damping, (Fig. 2d) . The lower level of g , between pc-and nc-FMR (crosses and circles) in Figure 4(a-d) . The pc-FMR enhancements can be well-described by the linear fit (dashed line). reported. We highlight that in our experiments, the longitudinal and transverse spin relaxation are both measured by spin pumping in the same samples, excluding both differences in methodology or variations in sample quality. The uncertainty of λ L sr is evaluated by the largest allowed value with theoretical prediction contained in the errorbars. We calculate the upper bound of λ L sr to be 7-9 nm, depending on the sample. Finally, to test these findings in a regime closer to the single-domain limit for Co, is well approximated by the Gilbert damping ratio 1+∆α sp /α.
The two-magnon scattering contribution to ∆H can be neglected since we find no additional linewidths for pc-FMR compared with nc-FMR in both single layers and trilayers ( Fig. 5b and 2c). In One should be aware that the longitudinal spin relaxation length in the diffusive model is inversely proportional to the resistivity 21 . Our four-point probe measurement shows that the resistivity of our Co (5 nm) is 25 µΩ·cm, comparable with 18 µΩ·cm reported in the room-temperature CPP-GMR experiment 5 . Adjusting for resistivity, the expected λ L sr in our Co films would be 27 nm, still much larger.
There are two main uncertainties in the experimental analysis. The first is whether the spin relaxation behavior in Co might be affected by some incompletely saturated portions of the Co layer, plausibly indicated by the Py 1−x Cu x low-frequency broadening in Figure   3 and the Co linewidths in the Supplemental Information. For a 5 nm thin film, the magnetization gradient along the film normal should be negligible; any inhomogeneity is likely to be distributed laterally. However even with some random in-plane magnetic anisotropy, the local magnetization angles between Py 1−x Cu x and Co are likely to be very similar to those described in the macrospin model, and restricting ourselves to the single-domain limit raises the upper bound for λ L sr only by a factor of two. The second is whether the lower spin mixing conductance g Our estimate of λ L sr in Co is consistent with a general observation that spin relaxation as measured in spin pumping/FMR is short-ranged than that measured in magnetotransport.
In paramagnetic metals such as Pt and Pd, the (longitudinal) spin diffusion lengths indicated by spin pumping, measured by FMR and inverse spin Hall effect, are on the scale of 1-5 nm 11, 24, 25 , where as in GMR they are of 10-20 nm [26] [27] [28] . We suggest therefore that the quantities revealed by the two types of measurements may differ in some respect.
In summary, we have experimentally demonstrated that the spin relaxation in Co, as measured by noncollinear spin pumping, is largely isotropic. The estimated longitudinal spin relaxation length, < 5 nm, is about an order of magnitude smaller than measured by magnetotransport but comparable to the transverse spin relaxation length. The results provide new data on the longitudinal spin relaxation length in Co with a technique to probe spin relaxation in ferromagnets. We acknowledge NSF-DMR-1411160 for support.
